Abstract Phospholipids are one of the classes of lipids, which are a major component of all cell membranes. Phosphatidylcholine (PC) is the main phospholipid present in egg yolk. The phospholipids extract from enriched egg yolk was separated using the two-dimensional high performance liquid chromatography in off-line system coupled with electrospray ionization tandem mass spectrometry (off-line HPLC-
Introduction
Phospholipids (PLs) constitute complex and numerous group of organic compounds occurred in the all living organisms as the essential components of cellular membranes (lipid bilayer) and condensed energy as a spare material. A second function of phospholipids is to decrease triglycerides and cholesterol concentration in the blood and to prevent an accumulation of cholesterol in the vessel wall. Finally, PLs play crucial roles in signaling mechanisms for cell proliferation and cell death (Wright et al. 2004; Gładkowski et al. 2011) . Moreover, phospholipid metabolism plays an important role in numerous human diseases, cardiovascular, and cancer diseases, Alzheimer's and Parkinson's diseases and diabetes (Sato et al. 2010) . Egg yolk included several classes of PLs: phosphatidylcholine (PC), phosphatidylethanolamine (PE), sphingomyelin (SM), lysophosphatidylcholine (LPC), l y s o p h o s p h a t i d y l e t h a n o l a m i n e ( L P E ) , a n d phosphatidylglycerol (PG) (Zhao et al. 2011 ). The most important phospholipid fraction of egg yolk are PC (73 %) and PE (15.5 %) (Anton 2007) . Phosphatidylcholine is a component of lecithin. Lecithin has been isolated from egg yolk, due to the chemical composition, is more valuable than the lecithin of plant origin, since the composition contains up to 80 % choline. It is known that choline is a main source of a precursor of the neurotransmitter-acetylcholine (Fiume 2001) . Choline plays a role in liver function, prevention of cancer, and ensures the proper functioning of brain and development of memory (maintenance of learning memory performance) (Zeisel 1992; Zeisel 2000) . Health-promoting properties of phospholipids are determined by the presence of omega-3 and omega-6 fatty acids. Fatty acids above 20 carbon atoms is not found in the phospholipids isolated from plants materials. Therefore, phospholipids isolated from the egg yolk may be widely used in biomedical formulations. Omega-6 (ω-6) and omega-3 (ω-3) fatty acids, defined by the position of the double bond close to the methyl end of the molecule. Omega-3 acids have the first double bond between the third methylene group and the rest of the molecule, while in omega-6 acids, it is between the sixth methylene group and the rest of the molecule. The following acids belong to the omega-3 family: linolenic acid (ALA C18:3), eicosapentaenoic (EPA C20:5), docosapentaenoic (DPA C22:5), and docosahexaenoic (DHA C22:6). In omega-6 family, it may be found: linoleic acid (LA, C18:2) and arachidonic acid (AA, C20:4), respectively (Gładkowski et al., 2011; Le Grandois et al. 2009 ). The ω-3 and ω-6 fatty acids should be included in the diet or taken as supplements, because they are not synthesized by mammals (Gładkowski et al., 2011) .
Phospholipids are analyzed by chromatographic techniques, such as the following: thin layer chromatography (TLC) (Romans and Palmer 1972) , gas chromatography (GC) (Brondz 2002) , and high performance liquid chromatography (Pacetti et al. 2005) . High performance liquid chromatography (HPLC) is the most rapidly growing and very widely used modern techniques of separation. HPLC is characterized by high sensitivity and specificity, good resolution and high-speed process (Lima 2002) . Phospholipids are determined by reversed-phase liquid chromatography (RP-LC) (Mazzella et al. 2004) , normal-phase liquid chromatography (NP-LC) (Adlercreutz and Wehtje 2001) , hydrophilic interaction liquid chromatography (HILIC) (Zhao et al. 2011) , and multidimensional liquid chromatography (MDLC) (Lísa et al. 2011 ). There are various detectors available for use on conjunction with liquid chromatography. Commonly, natural lipids are monitored by low-wavelength UV detectors and refractive index detectors (RI) (Stith et al. 2000) . However, UV response is highly dependent on the nature of fatty acid residues and varies with the degree of unsaturation within the same PL classes. Therefore, UV detection is not well adapted to the quantitative analysis of lipids with varying composition. From this reason, very popular are aerosol detectors, such as evaporative light-scattering detectors (ELDS), and charged aerosol detectors (CAD, Corona) (Ligor et al. 2013) . In lipidomics mass spectrometry (MS) with different techniques of ionization, such as electronspray ionization (ESI), fast atom bombardment (FAB), and matrix-assisted laser desorption/ ionization (MALDI) are applied (Pulfer and Murphy 2003) .
In this study, we propose an off-line LC×LC-ESI-MS/MS method using a triple quadrupole mass spectrometry for characterization of the fatty acids composition in phosphatidylcholines molecules in phospholipid extract from enriched egg yolk. In the study, a new stationary phase N,Odialkylphosphoramidate (C18) was applied, which allow to separate phospholipids according to their polarity in reversedphase chromatography. The main goal of the work was the identification of phosphatidylcholines, which contains unsaturated fatty acids from omega-3 and omega-6 groups.
Materials and Methods

Reagents
Standard compounds of L-α-phosphatidylcholine (PC), L-α-phosphatidylethanolamine (PE), sphingomyelin (SM), L-α-l y s o p h o s p h a t i d y l c h o l i n e ( L P C ) , L -α -l y s o p h o s p h a t i d y l e t h a n o l a m i n e ( L P E ) , L -α -g l y c e r o p h o s p h o r y l c h o l i n e ( G P C ) , a n d L -α -lysophosphatidylglycerol (LPG) from egg yolk were purchased from Larodan Lipids (Malmö, Sweden). The methanol for HPLC was obtained from Sigma-Aldrich (Steinheim, Germany). Water was purified using Milli-Q RG apparatus (Millipore Intertech, Bedford, MA, USA) in our laboratory. Pure phospholipids fraction from egg yolk (Gładkowski et al. 2011; Gładkowski et al. 2012 ) was obtained from Wroclaw University of Environmental and Life Sciences.
Instrumentation
First Dimension
The apparatus was a Shimadzu Prominence HPLC system (Tokyo, Japan). Absorbance was measured at 206 nm using a diode array detector (SPD-M20A). The instrument includes a binary solvent delivery system (LC-20 AD), an autosampler (SIL-20A), and a column thermostat (CTO-10AS VP). In the first dimension, the Gemini NX C18 column 250×10 mm with pore size 110 Å (Phenomenex, Torrance, CA, USA) was used. The flow rate of the mobile phase was 1 mL/min, an injection volume was 10 μL, and separation temperature was 35°C. Pure methanol was used as a mobile phase. LabSolution software was used for data analysis. Fraction of phospholipid classes were collected manually. Each fraction was evaporated using Labconco CentriVap DNA concentrator (Kansas City, USA). Further, each fraction was dissolved in pure methanol to obtain concentration in the range of 90-300 μg/mL.
Second Dimension
Agilent model HPLC 1100 (Agilent, Waldbronn, Germany) was used as the chromatographic system. It consisted of a quaternary pump, a degasser, an automatic sample injection, and a variable wavelength UV-Vis detector. Chromatographic system was coupled with the Agilent 6410 Triple Quad mass spectrometer (Agilent, Waldbronn, Germany) equipped with electrospray ionization (ESI) interface and operated with Mass Hunter software.
In the second dimension, collected fractions of phosphol i p i d s w e r e a n a l y z e d u s i n g h o m e m a d e N , Odialkylphosphoramidate (C18) chemically bonded stationary phase (Bocian et al. 2012; Bocian et al. 2013) . The short characteristic of the stationary phase is listed in Table 1 . The flow rate was 0.45 mL/min, the injection volume was 5 μL, and the separation temperature was 35°C. Analyses were done using isocratic mobile phase: 90 % methanol and 10 % water. Phosphatidylcholine (PC) was identified using ESI-MS in the mass range m/z 30-1,000 with the following setting of tuning parameters: pressure of the nebulizing gas 35 psi, the drying gas flow rate 8 L/min, and temperature of the drying gas 365°C. For PC characterization in the positive mode, the collision energy was set to 15 eV. PC species were manually identified with the parent mass information and their characteristic fragment ions in the CID spectrum using lists of PL species masses, published in the literature. Precursor scanning at m/z 184 was used for PC. Additionally, the position of given phospholipids on the chromatogram was confirmed by the comparison with phospholipids standard samples.
Results and Discussion
Reserved-Phase Fractionation of Lipids
Phospholipids' extract from egg yolk is a mixture of many compounds with similar chromatographic properties. Thus, it is impossible to separate particular compounds in traditional liquid chromatography. In this work, the off-line system of two dimensional liquid chromatography was applied. In first column, the preliminary separation of analyzed mixture at individual fraction was performed. The fractions were collected to eppendorf tubes and then the solvent was evaporated and again it was injected into second column (Herrero et al. 2009 ). RP-HPLC method has been applied for the analysis of lipids in the first dimension using C18 column and methanol as a mobile phase. The chromatogram obtained from the preparative column is shown in Fig. 1a . The first dimension did not provide satisfactory results. The main reason may be the sample complexity. The egg yolk is composed of variety phospholipids, which additionally differ in composition of fatty acids. Traditional separation using LC method usually leads to separation of individual lipid classes which differ in composition of acyl residues in the molecules (Mazzella et al. 2004) . Separation mechanism of lipids on hydrophobic stationary phase has a partitioning nature which base on hydrophobic interactions. More hydrophobic lipids are strongly retained on the octadecyl stationary phase and elutes later from the column as compare to the more polar lipids. Elution order depends not only on the carbon chain length but also on the degree of unsaturation of acyl residues (Perona and RuizGutierrez 2003) . Elution order of lipids in reversed phase are presented using the coefficient equivalent chain lengths (ECL) (Chen et al. 1999 ) and equivalent carbon number (ECN) for fatty acid and other lipids respectively (Perona and RuizGutierrez 2003) . The equivalent chain length of fatty acid can be described by the following equation:
where N-carbon atom number and n-the sum of double bonds in fatty acid molecule.
Each double bond reduces retention time, which is equal to shorten carbon length of saturated acid by two methylene units. Fatty acids that have similar ECL values are difficult to separate and have been referred to as "critical pairs" (for example, fatty acids 14:0 and 16:1 characterized by close retention time). The equivalent carbon number (ECN) is defined as follows:
where CN is the sum of total carbon atom number of fatty acyl groups and n is the sum of double bonds.
For example, 16:0/18:1-PC gives ECN=32. The ECN and ECL coefficients of lipids to be resolved provide a valuable information for planning LC separation.
RP-HPLC Analysis of Phospholipids in Second Dimension
Thirteen fractions of PLs obtained from the first dimension have been analyzed by RP-HPLC coupled with mass spectrometry. 
) , p h o s p h a t i d y l e t h a n o l a m i n e P E ( 2 ) , lysophosphatidylglycerol LPG (3), sphingomyelin SM (4), l y s o p h o s p h a t i d y l e t h a n o l a m i n e L P E ( 5 ) , l y s o p h o s p h a t i d y l c h o l i n e L P C ( 6 ) , a n d glycerophosphorylcholine GPC (7)
. The identified classes of phospholipids are shown in Fig. 1b . Each fraction contains phosphatidylcholine, because egg's phospholipids are mainly composed of phosphatidylcholine (73 %) and phosphatidylethanolamine (15.5 %) (Anton 2007) . PC species are separated according to the acyl chain lengths and the number of double bonds (Eq. 2). The retention time of phospholipids increases proportionally to ECN coefficient. PC species which contain fatty acyls with five and six double bonds are retained more strongly, and they elute in higher ECN groups. Analysis of phospholipids in egg yolk with N,O-dialkylphosphoramidate (C18) stationary phase allow to separate phospholipids with respect to polar part of the molecule. It suggest that separation mechanism is based on polar interaction of given molecules with the stationary phase surface, despite the fact that the separation is carried out in reversed-phase condition. It is possible due to polar-embedded groups in the structure of bonded ligands (Bocian et al. 2013 ). In the first dimension, separation is based on hydrophobicity of fatty acids/or hydrophobic interactions with stationary phase (differences in chain lengths and number of double bonds of acyl residues). In the second dimension (with the retention time on Fig. 1b) , separation based on the differences in the polarity of the phospholipid "headgroups" takes place.
The N,O-dialkylphosphoramidate (C18) stationary phase, depending on the composition of mobile phase, can be used in reversed phase (RP) and hydrophilic interaction liquid chromatography (HILIC). The unique nature of this material results from specific properties of adsorbent. The silica surface, amine, and phosphate groups are polar, and organic octadecyl c h a i n s a r e h y d r o p h o b i c . A p p l i c a t i o n o f N , Odialkylphosphoramidate (C18) stationary phase for the phospholipids analysis is a good solution, because of the structure similarities between bonded ligands and phospholipids (a polar "head" and nonpolar tails).
Identification of Individual Molecular Species of Phosphatidylcholine
Phospholipids belong to zwitterionic molecules. They ionize in both positive and negative mode. The deprotonated molecules in negative-ion ESI mass spectra are formed by phosphatidylethanolamine, lysophosphatidylethanolamine, phosphatidylglycerol, phosphatidylinositol, and phosphatidylserine, respectively, . The fragmentation pathway for the formation of m/z 184 ion, was proposed by Murphy et al. (Murphy and Axelsen 2011) and is shown in Fig. 2 . The phosphocholine ion is formed by the transfer of a proton from the sn-2 group to the phosphate group. Figure 3 presents the product ion mass spectra of some identified PC molecular species. Figure 3a shows the mass spectra of the ion molecular [M+H] + at m/z 786.7. In the spectrum, signals at m/z 506.3 and m/z 502.7 were also observed. These m/z values correspond to polar headgroup and two acyl groups, C18:2 and C18:0, respectively. For PC 18:0/22:6 (Fig. 3b) , the MS 2 fragmentation of the selected ion [M+H] + at m/z 834.3 show the loss of two ions, at m/z 549.7 (minor) and m/z 505.9 (major), which corresponds to stearic and docosahexaenoic acid, respectively. Additionally, in Fig. 3b , sodium adduct [M+Na] + can be observed at m/z 857.7. Alkali metal may appear as a result of contamination of the entire system. Except the major ion of m/z 184, the product ion spectrum of PC 16:0/22:6 (Fig. 3c) + was observed for PC 22:6/22:6 (Fig. 3d) , indicating that the loss of free fatty acid (C22:6) involves the H + ion that protonated the molecule to a [M+H] + . In the case of PC 18:3/20:5 (Fig. 3e) , the fragment at m/z 526.4 was described for ion [M+H-C 18 During the study, 15 phosphatidylcholine molecular species from enriched hen's egg yolk were identified (Table 2) . Table 2 also presents the equivalent carbon number (ECN) for each PC molecules. All these identified molecular species contain fatty acids with chain lengths varying from 16 to 22 carbon atoms and the double bond number raining from 1 to 6. From among the identified fatty acid of PC, a large part constitute polyunsaturated fatty acid (PUFA), which include fatty acids of omega-3 and omega-6. The role of PUFAs is very important, because they are not synthesized in human organism and have to be delivered with food (Gładkowski et al. 2012 ). Docosahexaenoic acid (22:6, DHA) and eicosapentaenoic acid (20:5, EPA) belongs to ω-3 family of fatty acid and are necessary for brain and eyesight development (Guesnet and Alessandri 2011; Uauy and Dangour 2006) . Linolenic acid (18:3, ALA) protects skin from atopic dermatitis (Van Goll, et al. 2004) . To ω-6 family of fatty acids belongs linoleic acid (18:2, LA) and docosapentaenoic acid (22:5). Among 15 identified PC species, 7 contains ω-3 fatty acids. Two of them contain also ω-6 fatty acids. Another two PCs contain one ω-6 fatty acid in the molecule.
Conclusions
In this study, off-line LC×LC-ESI-MS/MS method has been used to identify 15 molecular species of egg yolk phosphatidylcholine. The multidimensional liquid chromatography is a useful technique in analysis and separation of complex mixtures such as phospholipids. In the second dimension homemade N,O-dialkylphosphoramidate (C18) column was used. This stationary phase exhibits good selectivity in analysis of phospholipids from egg yolk, according to polar head in RP conditions. The results show the presence of acids from the group of ω-3 and ω-6 in PC molecules. Among 15 identified PCs, 7 species contains ω-3 fatty acids. In two cases the combination of ω-3 and ω-6 fatty acids was observed. Another two PCs contain one ω-6 fatty acid in the molecule.
